AeSTRACT: The performance of rubber (from used tires) as an asphalt cement modifier was evaluated by performing experiments on the shear-flow properties and creep~rupture behavior of modified asphalt cements. Results indicate that various asphalt/rubber samples exhibit shear-thickening, Newtonian, and shear~thinning behavior depending on the shear rate. The shear viscosity, linear viscoelastic functions, elasticity, and creep resistance of asphalt cement increased with the addition of rubber. These increases indicate that the addition of rubber will improve the low temperature properties of asphalt cement, and that such modifications are necessary to reduce the tendency of asphaltic-paving materials to crack in cold climates and to increase the life cycle of the road.
INTRODUCTION
The use of ground rubber from tires as an additive to asphalt cement has been developing for more than 30 years. Recently, the emphasis began to focus on the potential of ground rubber as a useful method to minimize the wastedisposal problems. From the engineering and environmental perspective, large-scale use of ground rubber from waste tires appears attractive and promising.
The low cost, inherent cohesive nature, weather~resistant properties, and ease of processing in the molten state are the main reasons for the extensive use of asphalt-cement-based materials as waterproof coatings, sealants, and binders (Nad~ karni et al. 1985) . In some of its applications, asphalt cement is exposed to a wide range of temperatures ( -20°C-60°C) and loading conditions. Pure asphalt cement is a viscous fluid at temperatures higher than 50°C and becomes brittle at tem~ peratures lower than 30°C (Kortschot and Woodhams 1984) . It undergoes considerable deformation due to the applied load over a period of time. This is a major problem, which greatly restricts its applications under conditions that warrant its use for extended periods of time. Pure asphalt cement has very poor creep resistance (McQuillen 1988) . and it is obvious that this characteristic is greatly reduced at elevated temperatures and when subjected to loads for long periods. To improve the low and high temperature performance (e.g., softening point, crack resistance, elastic modulus, etc.) of asphalt cement. there has been a growing interest in the possible use of various polymers in the recent past. Modification has been attempted by the addition of rubber, thermoplastic elastomers, polyethylene, styrenebutadiene copolymer, etc. Studies (Kortschot and Woodhams 1984) on the viscous properties of asphalt cement indicate that asphalt cement is very temperature~sensitive and, in fact, the drastic change in viscosity with temperature affects the pavement performance considerably. There are several studies on the viscoelastic properties of asphalt cement (Kortschot and Woodhams 1984; Bouldlin and Collins, unpublished paper, 1990; Berker et al. 1990) , and some researchers have attempted to overcome the prob- lem of asphalt~cement rutting by the addition of a styrenebutadiene copolymer and styrene-butadiene-styrene ther~ moplastic elastomer (Van der Poe I 1954 ). An increase in the flexural strength and elongation was reported for asphalt ce~ ment modified with polyethylene (Jew et al. 1986 ). The addition of styrenic-block copolymers to asphalt cement is reported to increase the viscosity, softening point, toughness, and tenacity of asphalt cement. Results indicate that there is an increase in the tensile modulus of asphalt concrete as the temperature is increased (Shuler et al. 1987) . The use of polymeric modifiers in asphalt cement results in the reduced flow of asphalt, a substantial increase in softening tempera~ ture, improved low temperature flexibility, and higher toughness and tenacity (Fina Oil 1986) . Studies on the thermomechanical behavior of modified asphalt (Nadkarni et al. 1985) indicate that conventional air~blowing improves the softening and the modulus at an elevated temperature, but it does not improve the low temperature flexibility.
BACKGROUND
Rheology is the study of the time-temperature response of material to an applied force or stress. Among the rheological properties, the viscosity function is one of the most important characteristics of the fluids because of their complex response under different conditions. At very low shear rates, the vis~ cosity approaches a constant value, called the zero-shear-rate viscosity (110) or Newtonian behavior, but at higher shear rates (for most of the fluids), viscosity becomes a function of the shear rate. Asphalt cement (Kandhal et al. 1988 ) and asphalt cement modified with polymers are among the most complex materials, which show a shear-thickening (an increase in vis~ cosity by an increasing shear rate or "dilatancy") behavior (Mohseen et al. 1992 ) at low shear rates up to the softening point, Newtonian behavior around the softening point, and shear-thinning (pseudoplastic) behavior at higher shear rates. Viscosity measurements over a wide range of temperatures and shear rates have some advantages over empirical tests and can be used to predict the behavior of asphalt cement at low temperatures (Kandhal et al. 1988; Schweyer and BuSOI 1969; Moavenzadeh and Stander 1966) .
The asphalt-cement binder controls the behavior of flexible pavements at low in-service temperatures (Roque et al. 1987) and the pavement performance is primarily controlled by the rheological properties of asphalt cement. Rheological measurements can be a powerful tool in the characterization and design of viscoelastic blends (Kortschot and Woodhams 1988; Berker et al. 1990 ). The objective of this work was to investigate the rheological properties of rubber (from used tires) modified asphalt cement at different loadings of rubber. This could result in determining the optimum weight percentage of rubber that can be added to asphalt cement to achieve the desired physical properties. Used rubber is an attractive asphalt/cement modifier due to its availability and low cost. The world rubber production is of the order of several million tons per year, which eventually results in huge amounts of waste materials. Therefore, the use of waste rubber as an asphaltcement modifier is beneficial from the engineering, economic, and environmental points of view.
MATERIALS
Chevron AC-30 asphalt cement was used in this study. The physical properties of this grade of asphalt cement are shown in Table I . Rubber particles (80 mesh) supplied by the Florida Department of Transportation were produced by Rouse Rubber Inc. (Vicksburg, Mississippi) by buffing the car tire treads by the wet process (i.e., the rubber particles were milled under water using milling stones). The exact chemical composition of the rubber particles and their additive concentrations are not known and are expected to vary from particle to particle.
Swelling kinetics of the rubber particles in three boilingpoint fractions of the Chevron AC-30 asphalt are being studied by Li and Beatty (personal communication, January 1995) and an image analysis of videotaped swelling experiments will be reported elsewhere by Li and Beatty. Likewise, the incorporation via the roll-milling of these rubber particles in vinyl-styrene-butadiene polymers prior to crosslinking will also be reported by Li and Beatty (personal communication, January 1995) as will the static and dynamic mechanical properties.
Rubber-modified asphalt-cement blends were prepared by adding the rubber in powder form to molten asphalt at 175-200'C over a period of 30 min, with frequent stirring in order to incorporate rubber into the asphalt cement. The molten mixture was poured into a square aluminum mold with the dimensions of 10 x 10 x 0.3 cm. The samples were kept in a refrigerator before testing. For creep-recovery experiments, the samples were cut into tensile dog-bone specimens corresponding to ASTM D 638 specifications.
METHODS

Steady Shear Flow Testing
An Instron capillary viscometer (Model 3211) was used for shear viscosity measurements of unmodified and asphalt modified with different amounts of rubber. The capillary viscometer is perhaps the most popular instrument for studying the flow properties of highly viscous fluids for a variety of shear rates, ranging from 1 S-l to 10 5 S-I, and different temperatures. In this system, the samples are forced through the capillary at different constant volumetric flow rates. The pressure drop through the capillary is determined by measuring the force required to drive the sample through the capillary. The volumetric flow rate and the correspondin~ prt!~sure drop through the capillary is used to determine the"viscosity of the sample.
Using a number of sweeping assumptions, the shear rate at the wall of the capillary is (Bird et al. 1987) .
4n' (1 ) where Q = volumetric flow rate through the capillary; R = radius of the capillary; and n' = (d 10g,T".Id 10g,.Q) is the correction for non-Newtonian behavior.
The shear stress at the wall of the capillary, T,.., can be determined by considering the Bagley (1957) correction for pressure losses due to the end effects, and is equal to
where l!.P = total pressure drop along the capillary; D = diameter of the capillary; and N = intersection of plots of l!.P versus (LID) (at a fixed flow rate) with the (LID) axis. Once the shear rate and shear stress are known, the shear viscosity TI is determined as = 7.,.
Using this system, at first samples were heated to the melting temperature and then loaded into the barrel. Before starting the measurements, the instrument was allowed to equilibrate to the testing temperature for about 30 min to ensure a constant temperature profile along the barrel and capillary. Tests were conducted at temperatures ranging from 45°C to 60'C.
DynamiC Mechanical Testing
The linear viscoelastic characteristics of the material under consideration were investigated in small-amplitude oscillatory shear flow using a Rheometrics mechanical spectrometer (RMS-800) with a cone-and-plate geometry. In this system, one of the plates is oscillated in the e direction sinusoidally with a frequency wand angular amplitude e", while the other plate is stationary. The time-dependent torque, which is required to maintain the stationary position of the plate, is measured. The motion of the oscillating cone can be given by the angular displacement, e, as a function of time, t (Bird et al. 1987) .
The torque, T, required to hold the other plate stationary also varies sinusoidally at the same frequency, ttl, but with a phase shift, 0<, as
If e' « 1 and the cone angle "0 is small (of the order of several degrees), the real (dynamic viscosity) and imaginary parts of the complex viscosity can be determined from (Bird et al. 1987) 3a"Jb cos a 21TR ' wB" (6. 7) where R = plate radius; and "0 = cone angle (rad). The linear viscoelastic functions TI' and TI" can be related to those of the complex modulus as
where G" = storage modulus.
In this work, the cone angle was 0.1 rad and the radius of the plate was 1.25 cm. The RMS has a torque motor and a transducer, which measure the torque and the normal force, respectively. A crucial requirement for small amplitude oscillatory shear flow is that the experiments be carried out within the linear viscoelastic range, i.e., the material functions such as G' and '1' must be independent of the applied strain levels. Frequency sweeps at different strain levels were used to determine if this were the case. If the data are equivalent at each strain level, we may assume that the data are in a linear viscoelastic range over the entire range of frequencies. Otherwise, the strain was reduced until the frequency sweeps of the two smallest strain levels were commensurate. The dynamic viscosity and storage modulus of different samples were measured at temperatures ranging from 35°C to 65°C.
Creep Rupture
The equipment used to conduct creep experiments consisted of a wooden rack from which several samples could be suspended. Other accessories included grips to hold the samples, calibrated weights for loading, measuring equipment to determine the elongation of the specimen, and a stopwatch to record time. In spite of the simplicity of the apparatus, the data obtained were reproducible. For the creep experiments, the samples were cut into tensile dog-bone specimens corresponding to ASTM D 638 specifications.
Samples of pure asphalt and asphalt modified with different amounts of rubber (2.5%, 5%, 7.5%, and 10% by weight) were suspended under constant weights (20, 40, 70, 120, 170 , and 220 g) at room temperature using clamps, and elongation was recorded at constant time intervals. Creep rupture represents the ultimate time of a given material and, in this study, was defined as the instant when the sample could no longer support the applied load and broke into two pieces. The samples exhibited considerable flow before failure. The tensile creep data obtained at constant stress are time-dependent displacement values. Strain and tensile creep stress reported in this paper refer to engineering strain (ratio of elongation to the initial length) and engineering stress (ratio of applied load to the initial cross-sectional area). A tensile modulus E(I) is defined as the applied stress to the. time-dependent strain. The tensile modulus E(t) is not a mater!sJ.constant, but a time-dependent variable that is also a function of the temperature and environment. Fig. 1 is a plot of shear viscosity as a function of shear rate for unmodified asphalt cement and asphalt cement modified with different amounts of rubber at T = 55°C. As can be observed, the viscosity of unmodified asphalt cement increases with the shear rate till a particular shear rate, remains constant over a small range of shear rate, and then decreases with a further increase in the shear rate. In other words, it shows shear-thickening (dilatant), Newtonian, and shearthinning (pseudoplastic) behavior. This behavior indicates that the resistance of asphalt cement increases against the loading condition up to the "transition shear rate" (or softening point), stays constant over a small range of shear rate, and then its resistance decreases against the loading condition. From engineering and economical points of view, it is beneficial to process asphalt cement products above the softening point. Plots of viscosity versus shear rate for asphalt modified with 2.5%, 5%, 7.5%, and 10% rubber indicate that the shear viscosity of asphalt-modified rubber will be increased by increasing the amount of rubber. Modified asphalt cements show Newtonian behavior over a wider range of shear rate and their resistance against loading will be higher and more uniform as the amount of rubber is increased. In addition, the degree of shear-thickening and shear-thinning behavior will be decreased by increasing the amount of rubber in as· phalt cement. Fig. 2 represents the viscosity of asphalt cement modified with 10% rubber at different temperatures (45°C, 5SOC, and 60°C). The effect of shear rate on viscosity is more significant at lower temperatures and the degree of shear susceptibility will be decreased by increasing the temperature. Asphalt 
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FIG. 2. Effect of Temperature on Viscosity of Asphalt Cement
Modified with 10% Rubber products are very temperature-sensitive and there is a big change in their physical properties as the temperature changes.
Figs. 3 and 4 are plots of dynamic viscosity and storage modulus as a function of frequency in small-amplitude oscillatory shear experiments for asphalt cement modified with rubber at SSOc. The results indicate that the dynamic viscosity and storage modulus will increase as the amount of rubber increases in the asphalt cement. Dynamic viscosity is a decreasing function of frequency and storage modulus is an increasing function of frequency. However, there is an indication of a plateau for dynamic viscosity and storage modulus at higher frequencies. Fig. 5 is a plot of storage modulus as a function of frequency for asphalt cement modified with 7.5% rubber at different temperatures (35'C, 46'C, 55'C, and 65'C). Fig. 5 shows that storage modulus is a decreasing function of temperature, as might be expected.
To be able to judge the elasticity of asphalt cement modified with different amounts of rubber, the values of G'/TJ*· were determined at one frequency (46.41 radls) at a constant temperature and were then plotted as a function of rubber in asphalt cement, as shown in Fig. 6 . There is a small change in elasticity when the amount of rubber is increased from 2.5% to 7.5%, but the change in elasticity is very large as the amount of rubber is increased from 7.5% to 10%. The re~sons for this dramatic change are not yet clear. It could be due to thee distribution and size of the rubber particles; however, more work is needed to study the effect of rubber-particle size on the rheological properties of asphalt cement modified with rubber.
Creep Rupture
Unmodified asphalt cement has a very poor creep resistance and fails almost instantly at even a load as low as 30 g (stress = 28.3 Pal as can be observed from Fig. 7 , which is a plot of strain as a function of time for unmodified asphalt cement under different constant loads. However, this is a major problem, which restricts its application under different conditions. This is the major difference between asphalt cement and other engineering materials, which resist against creep for several weeks to years. Drastic changes in the creep properties of asphalt cement are brought about by the incorporation of rubber. Figs. 8 and 9 show that the addition of rubber to asphalt cement improves its creep resistance. There is an increase in the creep resistance of asphalt cement as the amount of rubber is increased. The change in creep resistance is very large as the amount of rubber is increased from 7.5% to 10%, which is similar to the change in the elasticity of asphalt cement modified with rubber.
It is reported that metals and polymers exhibit three stages of creep: an initial slow increasing rate of creep, a transition region (constant rate). and a final fast region of increasing creep rate. Depending on the amount of rubber in asphalt cement and the magnitude of the applied load, different stages of creep can be observed (Figs. 7-9 ). Pure asphalt cement has only one stage of creep, where the strain rate increases with time until failure. Asphalt cement modified with rubber (more clearly when the amount of rubber is greater than 2.5%) exhibits two stages of creep: an initial slow-rate region and a final fast-rate region. The stage where the creep rate is extremely high is the result of localized area reduction, known as "necking. " This is accompanied by a flow of the asphalt-cement samples. Fig. 9 indicates that, when the samples are subjected to high stress levels, the first stage of creep is virtually nonexistent. A comparison between the viscometric functions and creep indicates that the sample which had the maximum viscosity (and elasticity) showed the highest creep resistance. Similarly, unmodified asphalt cement, which had the lowest viscosity, exhibited the lowest creep resistance. Figs. 10 and 11 represent the isochronous stress-strain plots for unmodified and asphalt cement modified with 10% rubber. These plots describe the stress-strain behavior at differ-,,,
• no 1111d Using the values of stress, strain, and time, plots of tensile creep modulus as a function of time at constant stresses were obtained. The effect of time on the modulus of unmodified asphalt cement and asphalt cement modified with 10% rubber is shown in Figs. 12 and 13. At any constant stress, the modulus is a decreasing function of time and the magnitude of the modulus is dependent on the magnitude of the applied stress. It is also observed that at any level of time, the modulus decreases with an increasing stress.
CONCLUSIONS
Unmodified asphalt cement and rubber-asphalt blends exhibited dilatant, Newtonian, and pseudoplastic behavior. At low shear rates, unmodified and rubber-modified asphalt-cement samples exhibited shear-thickening behavior. while at high shear rates, shear-thinning behavior was observed. However, between these two types of behavior, there is a small range of shear rate, where all samples showed a Newtonian behavior. The viscosity of asphalt cement increases with the addition of rubber, and rubber-modified asphalt-cement samples show a more uniform and higher resistance against loading as the amount of rubber is increased. The degrees of shearthickening and shear-thinning behavior decrease by increasing the amount of rubber in asphalt cement. The linear viscoelastic functions (dynamic viscosity and storage modulus) of asphalt cement modified with different amounts of rubber were investigated in small amplitUde oscillatory shear flow. Both dynamic viscosity and storage modulus will be increased by increasing the amount of rubber in asphalt cement. Dynamic viscosity is a decreasing function of frequency, while storage modulus is an increasing function of frequency. The results indicate that the elastic behavior of asphalt cement modified with 10% rubber is approximately two times larger than that of asphalt cement modified with 7.5% rubber, but there is only a small difference in the elasticity of asphalt cement modified with 5% and 7.5% rubber.
There is a great improvement in the creep resistance and the fracture time of asphalt cement modified with rubber. Both the fracture time and creep resistance of asphalt-cement samples increase as the amount of rubber is increased.
